Updated information and services can be found at: Multilocus enzyme electrophoresis, which has long been a standard method in eucaryotic population genetics (3, 34, 46, 49, 60, 69) BACKGROUND ON ENZYME ELECTROPHORESIS
INTRODUCTION
Many methods, including serotyping, monoclonal antibody typing, biotyping, bacteriophage typing, fimbriation typing, resistotyping, cell electrophoresis, whole protein extract electrophoresis, outer membrane protein electrophoresis, and various types of carbohydrate, lipid, or other chemical profiling or fingerprinting, have been used to type or characterize strains in bacterial systematics and epidemiology. However, because these methods detect phenotypic variation that is difficult, if not impossible (given the present state of knowledge of the genetic bases of these traits), to relate to allelic variation at specific gene loci, they have not provided the information on frequencies of alleles and multilocus genotypes that is required for analysis of the genetic structure of populations.
Hybridization (reassociation) of the total DNA of the bacterial cell, which yields estimates of total nucleotide sequence divergence (7, 64, 77) , has been widely used to define species limits and relationships (see studies cited in reference 32), but for the following reasons this technique has made little contribution to the study of genetic variation within species. (i) Because of the relatively large experimental error associated with DNA hybridization, the technique lacks the precision required for the analysis of genetic relationships of closely related strains. Results (9) . (iv) In practical application, DNA hybridization experiments have provided information on the degree of similarity of a set of strains to one or a few reference strains rather than a complete matrix of coefficients of genetic relatedness between all pairs of strains (but see reference 75 ).
Multilocus enzyme electrophoresis, which has long been a standard method in eucaryotic population genetics (3, 34, 46, 49, 60, 69) and systematics (58) , has recently been used in large-scale studies to estimate the genetic diversity and structure in natural populations of a variety of species of bacteria (Table 1) . This research has established basic population genetic frameworks for the analysis of variation in serotypes and other phenotypic characters and has provided extensive data for systematics and useful marker systems for epidemiology.
In response to requests from several of our colleagues in * Corresponding author.
other microbiological laboratories, we have prepared the present compendium of methods of enzyme extraction, gel electrophoresis, and specific enzyme staining used in our laboratory to study genetic variation in Escherichia coli and other bacteria ( Table 1 ). The procedures described can be applied, with only minor modifications, to any species of bacterium.
BACKGROUND ON ENZYME ELECTROPHORESIS
Description and rationale of the method Standard laboratory methods for studying polymorphic variation in enzymes by gel electrophoresis are described in detail by Manwell and Baker (37) , Smith (74) , and Harris and Hopkinson (24) . Most of the methods used for studying bacteria in our laboratory were modified from those earlier described for studying mammals (68) .
Isolates are characterized by the relative electrophoretic mobilities of a large number of water-soluble cellular enzymes ( Fig. 1 [24] .) Recent studies of several proteins of known sequence indicate that gel electrophoresis can detect a large proportion (80 to 90%) of amino acid substitutions (38, 59, 71) . However, because some substitutions do not affect electrophoretic mobility, electromorphs may be sequentially heterogeneous (4, 17, 40) , and at the level of the nucleotide sequence of the gene itself, there is even greater heterogeneity, owing primarily to silent substitutions (31) . Although electromorph profiles over loci can be equated with multilocus genotypes and electromorph frequencies can be equated with allele frequencies, it is with the understanding that the alleles recognized may actually be groups of isoalleles.
Posttranslational modification is a potential source of error in the application of the multilocus enzyme technique to population genetics and systematics (16, 28 posttranslational modification of enzymes occurs frequently enough in any organism to seriously bias estimates of genetic variation derived from the electrophoresis of proteins (10, 18, 73 Analysis of the genetic structure of natural populations of bacteria requires an efficient method of determining genotypes at large numbers of chromosomal loci (1, 53) . Although it may soon be possible to obtain DNA sequence data, either directly (42) or by restriction fragment analysis (25) , in quantities sufficient for extensive use in bacterial population genetics, at present the only feasible way to determine multilocus genotypes in the large samples of isolates required for the analysis of the genetic structure of natural populations is by the electrophoresis of enzymes. The special advantage of enzyme electrophoresis is that variation in mobility can be directly related to allelic variation at specific genes encoding specific proteins. Another attractive feature is the likelihood that much of the electrophoretically demonstrable polymorphic variation in enzymes is selectively neutral or nearly so (26) and, therefore, minimally subject to evolutionary convergence (29 5 ,um) for 3 min, with dry ice-methanol cooling (Streptococcus spp.).
After lysis and centrifugation at 30,000 x g for 20 min, aliquots of the several milliliters of lysate (supernatant) are transferred to three or four culture tubes and stored at -70°C until used for electrophoresis. At that temperature, lysates of E. coli and some other species can be stored for several years without significant loss of activity of most enzymes. However, the stability of the enzymes varies markedly among species of bacteria: for L. pneumophila, there may be conspicuous loss of activity within a few weeks, and in lysates of all species of bacteria, enzyme activity gradually diminishes with repeated thawing and freezing. Electrophoresis Apparatus for horizontal starch-gel electrophoresis is used. Starch gels are preferred over polyacrylamide gels because of the ease with which horizontal slices can be cut for independent assays of several different enzymes (see reference 39 for an alternative polyacrylamide gel method).
To prepare a gel, a suspension of 48 g of starch (no. 2901-027; Connaught Laboratories) in 420 ml of gel buffer (Table 1) in a 1-liter Erlenmeyer flask is heated over a Bunsen burner to just beyond the boiling point, with constant vigorous swirling. The suspension is then aspirated for 1 min (or until very large bubbles appear) and immediately poured into a 9 by 190 by 210 mm lucite gel mold. After the gel has cooled at room temperature for 2 h, it is wrapped in plastic film to prevent desiccation. Gels are used within 24 h of preparation.
In loading a gel, pieces of Whatman no. 3 filter paper (9 by 6 mm) are individually dipped into samples of lysate, blotted on filter paper to remove excess liquid, and then inserted at 3-mm intervals in a continuous slit cut in the gel. Up to 20 lysates can be electrophoresed on a single gel. Pieces of filter paper dipped in amaranth dye are inserted at one or both ends of the slit to mark the migration front of the buffer line.
During electrophoresis, a constant voltage is maintained ( Naphthyl propionate (1% solution in ml) acetone) (1.5 ml) ALP ,-Naphthyl acid phosphate ( cooling, but under these conditions there is some loss of resolution.) Following electrophoresis, three or four horizontal slices (1 to 2 mm thick) are cut from the gel with a thin wire and incubated individually at 37°C in various enzymestaining solutions (see Tables 4 through 8 ).
The optimal electrophoretic conditions for each enzyme for a given bacterial species are determined by testing various buffer systems and other variables (59) . The activity level and degree of separation of electromorphs of an enzyme may depend on the type and pH of the buffer system used and, to some extent, on the concentration of starch in the gel. Thus, an enzyme may appear to be monomorphic or polymorphic for only two or three electromorphs in one buffer system but exhibit 5 to 10 electromorphs in another buffer system. Occasionally, the relative mobilities of certain electromorphs are reversed in different buffer systems.
Staining for specific enzymes
The enzymes routinely stained in our laboratory are listed in Table 3 , with the appropriate buffer system in which each enzyme is electrophoresed for various bacterial species.
Stain recipes are given in Tables 4 through 8 . Each recipe is for a volume of solution sufficient to stain a single gel slice. For some enzymes, as noted, the stain solution is applied to the gel in an agar overlay. Gels are incubated at 37°C in the dark until bands appear; this, for different enzymes and species of bacteria, may be from 10 min to several hours. The stain solution is then poured off, and the gel slice is rinsed with water (except when the stain has been applied in an agar overlay) and fixed in a 1:5:5 mixture of acetic acid, methanol, and water.
Properly electrophoresed and stained enzymes appear on gels as narrow, sharply defined bands (Fig. 1) (Table 9) , genetic diversity may be expressed separately for each enzyme locus and as the mean allelic diversity over loci, calculated from allele frequencies at individual loci among either iso- " Genetic distances are based on the alleles at the four enzyme loci (see Table 9 ).
lates or ETs (Table 10) . Genetic diversity for a locus is calculated as h = 1 -Ixi2[nl(n -1)], where xi is the frequency of the ith allele at the locus, n is the number of isolates or ETs in the sample, and nl(n -1) is a correction for bias in small samples (48 (46, 76) . We normally calculate genetic distance between pairs of isolates as the proportion of loci at which dissimilar alleles occur, i.e., the proportion of mismatches (Table 11) . In some cases, we have used a weighted coefficient, with the contribution of each locus to D being weighted by the reciprocal of the mean genetic diversity at the locus in the total sample being analyzed (67) . In this manner, greater weight is given Table 11 .
to differences at less variable loci than to those at highly polymorphic loci.
From a matrix of coefficients of genetic distance, various multivariate statistical methods may be used to represent overall genetic relatedness among isolates or ETs (76) , including principal components, principal coordinates, and clustering (Fig. 2) .
G-statistics (47) may be used to apportion genetic diversity within and between groups of ETs or isolates.
Statistical methods of analyzing linkage disequilibrium (nonrandom association of alleles) are illustrated by Whittam et al. (78, 79) .
A computer program of statistics for population genetics, written especially for use with bacterial data, is available, upon request, from T.S.W.
Various applications of genetic data obtained by multilocus enzyme electrophoresis to bacterial population genetics, systematics, and epidemiology are illustrated in the papers cited in Table 1 .
